We report on the initial results from our deep Chandra observation (450 ks) of O-rich supernova remnant (SNR) B0049-73.6 in the Small Magellanic Cloud. We detect metal-rich ejecta features extending out to the outermost boundary of B0049-73.6, which were not seen in the previous data with a shorter exposure. The central nebula is dominated by emission from reverse-shocked ejecta material enriched in O, Ne, Mg, and Si. O-rich ejecta distribution is relatively smooth throughout the central nebula. In contrast the Si-rich material is highly structured. These results suggest that B0049-73.6 was produced by an asymmetric core-collapse explosion of a massive star. The estimated abundance ratios among these ejecta elements are in plausible agreement with the nucleosynthesis products from the explosion of a 13 − 15M progenitor. The central ejecta nebula extends to ∼9 pc from the SNR center. This suggests that the contact discontinuity may be located at a further distance from the SNR center than the previous estimate. We estimate the Sedov age of ∼17000 yr and an explosion energy of E 0 ∼ 1.7 × 10 51 erg for B0049-73.6.
INTRODUCTION
Core-collapse (CC) explosions of massive stars (M > 8M ) account for ∼3/4 of all supernovae (SNe). These CC SNe directly impact the chemical evolution of the interstellar medium (ISM) surrounding them and, subsequently, the star-formation history of the host galaxy. X-ray observations of CC supernova remnants (SNRs) are useful to study some fundamental natures of CC SNe and their evolution such as the metal composition in the progenitor star, the explosive nucleosynthesis, and the chemical composition of the ISM into which the blast wave is expanding.
B0049-73.6 is an old SNR (∼14,000 yr, Hendrick et al. 2005, H05 hereafter) in the Small Magellanic Cloud (SMC). Using the 50 ks Chandra observation H05 were able to resolve a bright central nebula surrounded by a faint outer shell. H05 found that the central nebula showed enhanced line emission from highly ionized Hlike O and He-and H-like Ne ions. Atomic line emission from He-like Mg and Si ions also appeared enhanced. H05 concluded that the central nebula was metal-rich, particularly in O and Ne, which represents chemicallyenriched stellar debris. Based on the O-and Ne-rich nature, they identified B0049-73.6 as a CC SNR. The central ejecta nebula shows a distinct ring-like morphology (in projection) and is complicated in nature with apparent radial and azimuthal sub-structures. Assuming a common ∼15M red supergiant (RSG) progeni-tor for CC SNe they performed hydrodynamic numerical simulations of SNRs to study the observed structure of B0049-73.6. They found that a bright X-ray ejecta shell would form just interior to the contact discontinuity (CD), which would have a radius of ∼10 pc at the age of B0049-73.6. The observed bright O-rich ring in B0049-73.6 has a significantly smaller size (6 pc in radius) than that of the simulated CD. Thus H05 proposed an alternative scenario of an Fe-Ni bubble for the origin of the observed central ring-like nebula. However, its true origin remains elusive.
Here we report on the initial results from our deep 450 ks Chandra observation of B0049-73.6. Based on these new Chandra data, which are ∼8 times deeper than those used by H05, we estimate that the true extent of the central ejecta nebula is larger than the size of the bright O-rich ring. We detect several new emission features that suggest a highly asymmetrical distribution of metalrich ejecta in B0049-73.6. In Section 2 we describe our observations and data reduction. In Section 3 we present the results from our imaging and spectral data analyses. A discussion and conclusions are presented in Section 4.
OBSERVATIONS & DATA REDUCTION
We performed our Chandra observations of B0049-73.6, which comprise 17 ObsIDs, between 2010 April 14 and 2010 June 2. We chose the ACIS-S3 instrument with the SNR centered on the aim point to utilize the high sensitivity of the S3 chip in the soft X-ray band (E ∼ < 1 keV). Data were gathered in Very Faint mode and processed with CIAO version 4.5 via the chandra repro script with CALDB version 4.5.5, which includes corrections for the charge transfer inefficiency and recent change of the contamination rate in the optical blocking filter, which affected the quantum efficiency of the ACIS by an additional ∼15% since mid-2009. Filtering was done for the standard ASCA grades and for photon energies between 0.3 and 3.0 keV, beyond which the SNR emission is negligible. The overall light curve showed no significant arXiv:1401.6491v1 [astro-ph.HE] 25 Jan 2014 flaring background. We performed this data reduction on each individual observation. After the data reduction the total effective exposure is ∼441 ks. Figure 1 shows an X-ray three-color image of B0049-73.6. To create this image, we combined all individual observations. We ran the CIAO tool wavdetect on the combined data to detect point sources. Although all detected point sources are faint (the combined point source flux makes up ∼2% of the total SNR flux) we removed all of them before further data analysis. We then adaptively smoothed each sub-band image. The small-scale (∼several arcseconds) clumpy features in this image are likely an artifact of the adaptive smoothing. The main outermost boundary shows a nearly circular shell-like morphology and is spectrally soft (red). This outer shell is the swept-up ISM as identified by H05. The radius of the outermost boundary is 1. 2 from the SNR center. We detect a faint emission feature in the northeast extending beyond the main outermost shell (the "Ear" in Figure  1b ) which was not detected in the previous data. In contrast to the outer shell, the central nebulosity shows various colors throughout, which indicate a significant contribution from higher energy photons, probably from line emission of various elemental species. This color structure of the central nebula is generally consistent with the metal-rich ejecta origin suggested by H05. The central ring-like nebulosity peaks in brightness at ∼20 from the SNR center. This intensity peak corresponds to the Orich ring identified by H05. Based on our data with a deep exposure, we detect the diffuse emission defining the main outer boundary of this central ejecta nebula, which extends beyond the broadband intensity peak out to ∼40 from the SNR center. It is remarkable that a spectrally-hard (blue) emission feature in the western part of the central ejecta nebula extends out to the western outermost shell (Region A in Figure 1b) . Figure 2 shows equivalent-width images (EWI) for OLyα (E ∼ 0.65 keV), Ne-Heα (E ∼ 0.9 keV), Ne-Lyα (E ∼ 1.02 keV), and Si-Heα (E ∼ 1.84 keV) line emission. To create these EWI maps we followed the method found in literature (e.g., Hwang et al. 2000; Park et al. 2002) . We selected emission line bands: O-Lyα = 620-650, Ne-Heα = 850-950, Ne-Lyα = 1000-1100, and Si-Heα = 1700-1900 eV. Images in these bands were binned by 2×2 pixels and then adaptively smoothed prior to EW calculations. The underlying continuum was calculated by logarithmically interpolating the fluxes from the higher and lower continuum images of narrow energy bands nearby the line. The estimated continuum flux was integrated over the line band and subtracted from the line emission. The continuum-subtracted line intensity was then divided by the estimated continuum flux on a pixel-by-pixel basis to generate the EWIs for each line. In order to avoid noise in the EW maps caused by pixels with poor photon statistics, we set the EW values to zero on pixels where the calculated continuum flux is ∼ < 10% of the total flux.
ANALYSIS & RESULTS

Imaging
O-Lyα EW is enhanced throughout the entire central ring-like nebulosity. While Ne-Heα EW distribution is generally similar to that of O-Lyα, several enhanced regions extend beyond the central ring toward the outermost boundary in the west (Region A in Figure 1b) , northeast, and south. Ne-Heα EW is also enhanced in the "Ear". Ne-Lyα enhancement is concentrated in the west (Region A) and in the "Ear". Si-Heα EW is enhanced mainly in three distinct regions, two within the central nebulosity, and another in Region A. Except for several small EW-enhanced features extending to the outer boundary, these EWIs are generally consistent with the previously-suggested metal-rich ejecta origin for the central ring-like nebulosity. On the other hand, the outer shell shows no enhancement in any EWI except for some small features discussed above (e.g. Region A). These low EWs in the outer shell are consistent with the sweptup ISM origin for the outer shell.
Spectroscopy
We extracted the spectrum of the swept-up ISM from the Shell region shown in Figure 1b . We extracted this spectrum from each individual observation and then combined them using the CIAO script combine spectra. Some small parts of the outer shell show various colors while most of the shell is nearly pure red ( Figure 1a ). These small regions were excluded from our study of the swept-up ISM. We binned the spectrum to contain a minimum of 20 counts per energy channel. We fit the Shell spectrum using a nonequilibrium ionization (NEI) planeparallel shock model (Borkowski et al. 2001 ) with two foreground absorption column components, one for the Galactic (N H,Gal ) and the other for the SMC (N H,SM C ). We used NEI version 2.0 (in xspec) associated with ATOMDB (Smith et al. 2001 ) which was augmented to include inner shell lines and updated Fe-L lines (see Badenes et al. 2006 ). We performed the background subtraction using the spectrum extracted from sourcefree regions outside of the SNR. We fixed N H,Gal at 4.5 × 10 20 cm −2 for the direction toward B0049-73.6 (Dickey & Lockman 1990) . We fixed abundances in N H,SM C at values by Russell & Dopita (1992, RD92 hereafter) . We varied electron temperature (kT ), ionization timescale (n e t), and normalization in the planeshock model. We initially fixed all elemental abundances in the plane-shock model at the values found in RD92. The fit was statistically rejected (χ 2 ν = 3.3). Residuals from the best-fit model were significant around O and Ne line energies. We refit the data with O and Ne abundances varied. This fit improved but it was still statistically unacceptable (χ 2 ν = 2.0). We then varied each additional element (Mg, Si, and Fe) one at a time to improve the fit. We found that it was necessary to vary O, Ne, Mg, and Fe to obtain a statistically acceptable fit (χ 2 ν = 1.4, Figure 3a) . Varying the Si abundance did not make a statistically significant improvement in the fit based on an F-test (F-probability = 0.4). It is notable that the best-fit abundances for the fitted elements are significantly lower (by a factor of ∼3-4) than those by RD92. Our best-fit model parameters for the Shell region are listed in Table 1 .
Region A's spectrum shows distinct features compared to the Shell spectrum (Figure 3c) . A broad line complex at E = 0.8 − 1.1 keV along with evident Mg and Si lines are present. This spectrum cannot be fit by a single shock model with abundances that we estimated for the Shell region (χ 2 ν = 3.2). These indicate the pres-ence of an additional shock component superposed with the Shell emission. Thus, we used a two-component NEI shock model to fit this spectrum, one for the underlying Shell spectrum and the other responsible for the distinctive component in Region A. We fixed N H,SM C at the Shell value. We fixed all model parameters (except for normalization) of the underlying swept-up ISM component at the values for the Shell region. For the second shock component we initially allowed kT , n e t, and normalization to vary and fixed the elemental abundances to the Shell values. The fit was not statistically acceptable (χ 2 ν = 3.0) because the model was not able to reproduce emission lines from various elements. We then thawed elemental abundances for the second component to improve the fit. The statistically acceptable model fit required us to fit O, Ne, Mg, and Si (χ 2 ν = 1.4). The best-fit model parameters for Region A are listed in Table 1. The overall abundances are significantly enhanced compared to those of the Shell region by ∼an order of magnitude for Ne and ∼2-4 times for O, Mg, and Si. The best-fit electron temperature is ∼35% higher than that of the Shell and the ionization timescale is ∼an order of magnitude higher than that for the Shell.
Regions 1 and 2 (Figure 1b) spectra were fit using a one component plane-shock model. Initially we varied kT , n e t, and normalization while fixing N H,Gal , N H,SM C , and all elemental abundances at the Shell values. The fit was statistically rejected for both regions (χ 2 ν ∼ > 4.0). We then varied abundances for elements for which emission line features are associated with significant residuals. We found that it was necessary to vary O, Ne, Mg, and Si to obtain statistically acceptable fits (χ 2 ν = 1.5 for Region 1 and χ 2 ν = 1.6 for Region 2). The overall abundances for Regions 1 and 2 are significantly enhanced compared to the Shell abundances (∼3-6 times). Although our singleshock model fits for Regions 1 and 2 are statistically acceptable, they may have not adequately accounted for the superposed outer shell emission. To test this geometrical effect, we re-fit these spectra with a two-component shock model, adding a plane shock model for the superposed outer shell spectrum. For the outer shell component we fixed all parameters at the Shell values except for normalization. The addition of the outer Shell component did not change the results because the contribution from the Shell is small (∼10-15% of the total flux). Thus we used our results from the one-shock model fits as summarized in Table 1 for the discussion of Regions 1 and 2 in the following sections.
The overall central ejecta nebula appears to extend beyond the intensity peak of the central ring (Figure 1a) . To verify this extent of the central ejecta feature we investigate radial distributions of metal abundances based on spectra from 8 radial regions (dashed regions in Figure  1b .) We choose this azimuthal sector because it shows well-defined structures of both the central ejecta nebula and the outer shell along the radius of the SNR. We initially fit each regional spectrum with the one component plane-shock model with all elemental abundances fixed at the Shell values. We allowed electron temperature, ionization timescale, and normalization to vary while fixing N H,SM C to the Shell value. This single shock model fit is acceptable in the outer regions at r ∼ > 40 (χ 2 ν ∼ < 1.5). For inner regions at r ∼ < 40 the single shock model fits are not statistically acceptable (χ 2 ν ∼ > 2.0, Figure 4b) , probably because of a significant contribution from central ejecta emission. Thus, we used the two-component shock model for the inner regions at r ∼ < 40 , one for the ejecta component and one for the superposed Shell component. The parameters (except for normalization) for the underlying outer shell spectrum were fixed at the Shell values. Then we were able to obtain statistically acceptable fits for all of the inner regions (χ 2 ν ∼ < 1.2). It was required to fit O, Ne, Mg, and Si in the ejecta component of these inner regions. The overall abundances for these inner regions are significantly enhanced compared to the Shell by ∼3-6 times, which is consistent with those for Region 2. There is no significant elemental abundance variation among these radial ejecta regions.
DISCUSSION
The central ejecta nebula is enriched in O, Ne, Mg, and Si. While O-, Ne-, and Mg-rich ejecta appear to show smooth distributions along the bright ring-like feature, our estimated Si abundances are significantly different between Regions 1 and 2. Region A's spectrum indicates the presence of ejecta material that is enhanced in Ne and Si. It is remarkable that Region A extends from within the central ejecta nebula out to the outermost ISM shell. The "Ear" is a faint feature and clearly extends beyond the outer swept-up shell. Our preliminary results from a single plane-shock model fit of this feature suggest a significantly enhanced Ne abundance (an order of magnitude higher than that of the Shell). Although it is difficult to constrain the estimated abundances in this region because of poor photon statistics (∼1000 counts), the suggested Ne overabundance in the "Ear" region is consistent with the bright Ne line EWs shown in Figures 2b & 2c . Based on multi-wavelengths source catalogs through the HEASARC on-line database, we found a red giant projected within the boundary of the "Ear". Considering the extended X-ray emission feature with enhanced metal abundance for the "Ear", this red giant is unlikely the counterpart for the "Ear". We thus conclude that the "Ear" is associated with the SNR. These results suggest that Regions A and "Ear" may be highvelocity ejecta material, similar to ejecta bullets found in other SNRs (e.g. Vela shrapnels [Aschenbach et al. 1995 , Miyata et al. 2001 , an ejecta bullet in N49 [Park et al. 2012] ). These overall ejecta features show that the spatial distribution of metal-rich stellar debris in B0049-73.6 is far from spherically-symmetric, probably caused by a highly asymmetric CC explosion.
Our radial spectral model fits show that overabundances for ejecta elements are required for the inner regions of r ∼ < 40 . These radial structures suggest that the central metal-rich ejecta nebula extends roughly out to r ∼ 40 , corresponding to ∼10 pc from the SNR center at a distance of 60 kpc to the SMC. We show the distributions of the broadband surface brightness (SB) and χ 2 ν from our one-component shock model fits along the radius of B0049-73.6 (Figures 4a & 4b) . We also show the radial profile of the Ne abundance based on our bestfit spectral models (two-component model at r ∼ < 10 pc and one-shock at r ∼ > 10 pc) (Figure 4c) ). The abundances of O, Mg, and Si generally show a similar radial profile to that of the Ne abundance. It is evident that all of these parameters show a significant rise at r ∼ 9 pc from the SNR center. These suggest the location of the CD at r ∼ 9 pc, which is beyond the brightest part of the central ejecta nebula. This somewhat larger estimate for the CD is generally consistent with that found by one-dimensional hydrodynamical simulations by H05. Based on the average values of the ejecta elemental abundances from Regions 1 and 2, we estimate the abundance ratios of O/Ne = 3.0 −3.0 . These abundance ratios are in plausible agreement with the Type II SN nucleosynthesis models for a 13 − 15M progenitor with solar or subsolar (Z = 0.004) metallicity (Nomoto et al. 2006) . It is notable that the Shell is significantly under-abundant compared to the general SMC values (RD92) by a factor of ∼3-4 for O, Ne, Mg, and Fe. This suggests that B0049-73.6 might have exploded in a locally metal-poor environment, which may support a low-Z progenitor.
Based on the volume emission measure (EM) estimated from the spectral fit of the Shell we calculate the postshock electron density (n e ). For this estimate we assumed the X-ray emitting volume of V = 3.0 × 10 58 cm 3 for our Shell region with a ∼3 pc path length (roughly corresponding to the angular thickness of the Shell at 60 kpc) along the line of sight. We assumed n e ∼ 1.2n H for a mean charge state with normal composition (where n H is the H number density). Then our estimated electron density is n e ∼ 2.4 f − 1 2 cm −3 , where f is the volume filling factor of the X-ray emitting gas. The pre-shock H density is n 0 ∼ 0.5 f − 1 2 cm −3 assuming a strong adiabatic shock where n H = 4 n 0 . Assuming an electron-ion temperature equipartition, the gas temperature is related with the shock velocity (v) as T = 3mv 2 s /16k where k is the Boltzmann Constant andm ∼ 0.6m p where m p is the proton mass. For gas temperature of kT = 0.26 keV, we calculate the shock velocity of ∼460 km s −1 . For the SNR radius of ∼20.5 pc we estimate the Sedov age of τ sed ∼ 17200 yr for B0049-73.6. We calculate the corresponding explosion energy of E 0 ∼ 1.7 × 10 51 erg. The total swept-up mass, M SW = n 0 m p V , is estimated to be M SW ∼ 440 f 1 2 M . Our estimated Sedov age for B0049-73.6 is consistent with that of H05 within ∼20%.
Our estimated E 0 is somewhat larger than the previous estimate (H05), but is consistent with the canonical value for a SN within a factor of ∼2. These results suggest that B0049-73.6 was probably created by a CC SN explosion (with a normal E 0 ) of a 13 − 15M progenitor with a low metallicity.
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